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| NTRODUCT! ON

One effect of nonlinear elasticity on elastic wave propagation is that
the velocity of the elastic wave is a function of the applied stress on
the material. This effect has been used to characterize the nonlinear
el astic properties of numerous materials and is also inportant in
attenpts to nondestructively characterize residual and applied stress in
materials. In addition, investigations have established a possible
correlation between the nonlinear elastic properties and ultinmate
strength in conventional materials such as alum num|[1] and carbon stee

[2].

Measurenents of elastic nonlinearity have al so been nmade in
graphi te/ epoxy (gr/ep) conposite materials. Prosser [3] was able to
cal cul ate seven of the nine third order elastic coefficients (TCEC s) for
a unidirectional gr/ep conposite from neasurenents of the dependence of
ul trasonic velocity on uniaxial conpressive and hydrostatic stress. In
ot her work Prosser [4] neasured the dependence of the ultrasonic velocity
on tensile stress while Mase et al. [5] neasured acoustoel astic effects
in unidirectional gr/ep and in several angle-ply Kevl ar/epoxy conposite
| am nat es.



However, in all of these previous neasurenents of stress dependence of
vel ocity under uniaxial stress, the direction of propagation of the
ul trasoni ¢ waves was perpendicular to the direction of applied stress.
In the present research, the stress dependence of velocity was neasured
for waves propagating al ong the direction of uniaxial conpressive stress
in a uniaxial gr/ep conposite. The nmeasurenents were nmade with the
stress and propagation along the fiber direction (x3) as well as

perpendicular to the fibers along the Iam na stacking direction (xq).

These neasurenents allow a check of the previously deternined TOEC s and
it was hoped that they would allow cal cul ati on of the renaining
undeterm ned TOEC s. Additionally, it was possible to deternine the
rati o of nonlinear to linear elastic properties which was then conpared
with a simlar calculation for numerous other materials by Cantrell and
Chern [6].

THEORY

Measurenents of the velocity changes in this work were nade with
reference to the unstressed or natural state. That is, changes in the
"natural" velocity (W as defined by Thurston and Brugger [7] were
neasured. Wis given by
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where Ly is the specimen length in the unstressed state and t is the tine
of flight of the ultrasonic wave. Since Ly is a constant, the normalized
change in "natural™ velocity is given by
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Measurenents of the nornalized change in "natural" velocity with respect
to stress were made using a pul sed phase | ocked | oop (P2L2) ultrasonic

i nterferometer devel oped by Heynan [8]. This instrunent nmaintains a
constant phase ultrasonic wave by varying the frequency of the wave.
Since the phase (0)given by

0= 2xaft |, (3)

where f is the frequency, is constant, it can be shown that
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Thus, the normalized change in "natural" velocity is obtai ned by
noni toring the nornalized change of frequency of the ultrasonic wave as a
function of stress.

However, in this research there was an additional conplication. Since
the direction of propagation was along the direction of conpressive
stress, a delay line had to be used to all ow propagation into the
speci men wi thout |oading the transducer. Therefore, it was necessary to
correct the neasured change in velocity through the delay |ine and
speci men to obtain only the change in velocity through the specinen.
Assunmi ng effects of variations of the bond between the speci nen and del ay
line to be negligible, an equation to make this correction was derived
and is given by
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where p is the applied load, t; is the round trip time of flight in an

unstressed condition. The subscript s refers to the specinmen only, d
refers to the delay line only, and no subscript refers to propagation

t hrough the speci nen and delay line. Therefore, from previous
neasurenents of the time of flight in the specinmen and in the delay |ine,
and neasurements of the normalized change in "natural" velocity for waves
propagating through the delay line only and through the delay |ine and
specinmen, it is possible to determ ne the nornalized change in "natural"
velocity for the specinen alone. Since the delay |ine and the specinen
were not of the same cross sectional area, the nmeasurenments were nmade as
a function of the applied |load and the resulting corrected quantity was
normal i zed by the cross sectional area of the specinen to yield the
normal i zed change in velocity as a function of stress.

EXPERI MENT

A specinmen in the shape of a cube with nominal dinmensions of 0.8 in
on a side of T300/5208 unidirectional gr/ep conposite was used for these
nmeasurenents. The original |amnate fromwhich this specinmen was cut had
been previously ultrasonically C scanned for defects and none were found



to be present. Fig. 1 shows the experinmental apparatus used. The del ay
line was an al um numcylinder three in. in dianeter and 2.5 in. in length
fromthe transducer to the specinen. A conputer nonitored the frequency
of the P2L2 and the voltage output of a load cell to determine the |oad
on the speci nen.

As discussed in the previous section, it was necessary to neasure
several paranmeters to nake the corrections for the delay |line and
determ ne the change in velocity of the specimen. First, the frequency
shift for waves reflecting off of the specinen-delay line interface was
nmeasured as a function of load to deternmine the frequency shift for the
delay line only. Then the |load ranp was repeated as the frequency shift
was measured for a wave propagating through the delay line and the
speci men. These were used together with the previously neasured round
trip time of flight to make the necessary corrections. A comercia
danped 2.25 Mz ultrasonic transducer was used in these measurenments and
t he nom nal frequency used was 2.25 Miz.

Oiginally, ultrasonic couplant was applied between the transducer and
the delay line and between the delay line and the specimen. It was not
appl i ed between the specinen and the | ower conpression |oad fixture.
However, as |oad was applied, the speci nen began to couple ultrasonic
energy into the lower fixture. This led to severe phase and anplitude
deviations in the reflected wave whi ch was bei ng nonitored. Above a
certain | oad when coupling reached its maxi num the phase and anplitude
of the reflected wave became constant allow ng the neasurement to be
made. It was discovered that by using couplant between the rear surface
of the specinen and the conpression fixture that this effect could be
reduced. Although there was still anomal ous behavi or at |ower |oads, the
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Fig. 1 Block diagramof experinental apparatus to measure "natural”
velocity shifts as a function of |oad along the direction of
| oad.

| oad at which the effect became negligible was nmuch lower. Fig. 2 shows
the normalized change in frequency for the delay line for propagation
through the specimen along the fibers (x3) and perpendicular to the

fibers (x1). Two separate neasurenents for each case are shown with the

transducer and speci men havi ng been rebonded between each neasurenent.
These curves denonstrate the anomal ous behavior at |ower |oads followed
by |inear behavior at higher | oads where the sl opes are approxi mately
equal for both cases as expected. The difference in behavior at |ower
loads is due to the large difference in acoustic inpedance in these two
directions of propagation which have a great effect on the reflection and
transm ssion coefficients.

The next neasurenent was of the frequency shift for the wave
propagati on through the speci men perpendicular to the fibers and the
delay line. Results of this are shown in Fig. 3. Three separate
nmeasurenents are conbined on this plot with the transducer, specinen, and



del ay line having been rebonded between each neasurement. As can be seen
fromthe snall scatter in the data, the effects of rebonding are snall
The data was fit to a linear curve and the slope was deternined to be

1.717 x 1008 1b."1, A fit of the linear portion of the delay |ine
response for this direction of propagation yielded a slope of 1.454 x

1007 1b."1.  The tine of flight of the specinen in this direction was
13.341 us. while it was 19.94 us. in the delay line. These factors al ong
with the cross sectional area of the specinen were all used to deternine
the stress dependence of the nornalized "natural" velocity which is also
known as the stress acoustic constant (SAC) [1]. The val ue was

calculated to be 3.77 x 1010 pa 1l This conpares favorably with the

value of 4.5 +/- 0.8 x 10'10 Pa'1 whi ch was cal cul ated fromthe
previously determ ned TOEC s [3].

Anot her paraneter of interest which can be calculated fromthis
nmeasurenent is the ratio of nonlinear to linear elastic properties. This
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Fig. 2 Normalized frequency shift versus | oad for propagation through
the delay Iine only with the sanple oriented for propagation



along the fibers (x3) and perpendicular to the fibers (xq).
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Fig. 3 Nornmalized frequency shift versus |oad for wave propagating
through delay line and speci men perpendicular to fibers (xq).

guantity was exam ned by Cantrell and Chern [6] where they defined R as
H

do

where His the stress acoustic constant under tensile |oading, and o and
¢ are the stress and strain respectively. They deternined values of R
for nunerous nmaterials including several types of steel, alumi num

copper, nol ybdenum tungsten, bronze, and fused silica. Except for fused
silica, this paraneter was relatively insensitive to type of material and
had val ues that ranged from-2.7 to -3.9 even though the elastic
coefficients of these materials vary in range nore than 700% Using the
neasured val ue of the SAC for gr/ep and multiplying by negative one to
account for the difference in conpressive versus tensile |oading and

di viding by the appropriate previously neasured el astic conpliance, the



val ue of R perpendicular to the fibers was determned to be -4.1
Interestingly, this value is near the range of values of the other
materials even though again the difference in linear elastic properties
for gr/ep perpendicular to the fibers to materials such as steel is quite
| ar ge.

Measurenents were al so nade with propagati on and stress direction
along the fiber direction. The SAC along this direction together with
previ ous measurenments woul d have enabl ed cal cul ati on of the renmaining two
TOEC s. The data for several neasurenents, again after rebonding
transducer and speci men between each neasurenent, are shown in Fig. 4.
Very unusual behavior is denponstrated in these curves. The curves are
very nonlinear and actually reverse direction at higher |oads. The
magni t ude of the changes are much smaller than in nmeasurenents in the
per pendi cul ar direction and there is much nore scatter in the data.

Thus, it seens that this neasurenent is nmuch nore sensitive to variations
in the bond. Fromthis experiment, it is inpossible to determ ne whether
the change in slope of the stress-velocity curves, which seens

reproducible, is due to actual nmaterial response or is due to variations
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Fig. 4 Normalized frequency shift versus | oad for wave propagating
through delay line and specimen along fibers (Xx3).



in bonding conditions as load is applied.

Because of the large scatter in data and the unusual behavior of the
nmeasured curves, the data cannot be interpreted in the usual manner
That is, a SAC val ue cannot be determ ned as the slope of this curve is
hi ghl y dependent on | oad for unknown reasons. Also, wthout the SAC, the
val ue of R for propagation along the fibers cannot be cal culated and the
two remai ning TOEC s cannot be determ ned.

SUMVARY

The first measurenents of the stress induced velocity changes for
propagation directions along the direction of applied stress in gr/ep
conposites have been presented. For propagation and stress direction
perpendi cular to the fiber direction, the data denonstrated a |inear
rel ati on between normalized velocity shift and stress. After corrections
for the delay |ine were made, the slope or SAC was detern ned and
conpared favorably with the expected val ue cal culated fromthe previously
determ ned nonlinear coefficients of this material. The ratio of the SAC
to the elastic conpliance for this direction of |oading was eval uated and
found to have a value simlar to nunerous other materials which have very
different linear elastic properties.

Measurenents with stress and propagati on along the fibers yiel ded
unusual behavior. The curves were very nonlinear and even shifted
direction at higher |oads. The large scatter in the data due to bond
variati ons nmade separation of material effects from bond i nduced
artifacts inmpossible. Thus the SAC, R, and the remai ning two unknown
TOEC s could not be determined for this direction of propagation

These neasurenents further expand the basis of determ ning nonlinear
el astic properties of conposite materials. These properties nmay be
useful in devel opi ng much needed NDE techni ques to determ ne such
i mportant paraneters as residual stress after cure and residual strength
after inpact damage. Additional study is needed to nmeasure the nonlinear
behavior in other conposite materials including angle ply |an nates.

Al so, other techniques to neasure elastic nonlinearity such as harnonic
generation should be applied to conmposites to inprove the understandi ng
of these properties and their inportance.

REFERENCES

1. J. S. Heyman, and E. J. Chern, l1EEE Utrasonics Synposium (1981) pp



w

N

936- 939.

J. S. Heyman, S. G Allison, and K. Salama, |EEE Utrasonics
Synposium (1983), pp. 991-994.

W H. Prosser, NASA Contractor Report 4100 (1987).

W H. Prosser, J. Reinforced Plastics and Conposites (to be
publ i shed).

G T. Mase, T. EE Wng, and G C. Johnson, in Review of Progress in
Quantitative NDE, edited by D. O Thonpson and D. E. Chinmenti (Pl enum
Press, 1989), Vol. 8B, pp. 1887-1894.

J. H Cantrell, Jr., and E. J. Chern, |1 EEE Utrasonics Synposium
(1981), pp. 434-437.

R N Thurston, and K. Brugger, Phys. Rev. 133, A1604- A1610 (1966).
J. S. Heyman, NASA Patent Disclosure LAR 12772-1, (1980).




